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ABSTRACT

As technology advances over the years there has been a growing interest in the
application of using remote sensing for conveying the detection of alpine archaeological
sites. As climate changes and global temperatures rise across the globe perennial snow/
ice patches are melting and disappearing in alpine areas. These alpine archaeological
sites are being immensely affected and, in some cases, destroyed. The research was
conducted to determine if using both remote sensing imagery and suitability models
could detect the extent of perennial snow/ice patch loss and determine the ice patches
most vulnerable to melting in the Crazy Mountains of Montana. Suitability models were
used to see if archaeological perennial snow/ice patches could be identified using the
variables elevation, aspect, slope, distance to streams, incoming solar radiation, and
glacial extent. The United State Geological Survey imagery and the National Agriculture
Imagery Program was used to digitize the identified perennial snow/ice patch over the
course range of years 1972, 1998, 2005, 2011, and 2020. Within the study area of the
Crazy Mountains, more than 50 remaining perennial snow/ice patches were identified
and digitized. The result of this study demonstrated that implementing remote sensing
applications such as sustainability models and imagery can be effective in determining
perennial snow/ice patches that are at risk.

xii

CHAPTER 1
INTRODUCTION

1.1 Purpose
The world has changed vastly over the years. Permafrost, glaciers, and alpine snow
patches are melting at alarming rates across the globe (Andrews, 2012). With the increase in
global temperatures due to climate change, these areas once known for snow and ice have
started to melt. The areas leave behind possible clues to the past. By using remote sensing
imagery and Geographic Information Systems (GIS) researchers can get a closer look into these
clues. These clues left behind after snow and ice melt can include a range of things from
archaeological deposits to possible insight into areas of the previous habitation.
The purpose of this study is to locate and determine areas of likely artifact remains
based on melting alpine ice regions. Ice Patch Archaeology is defined as any archaeological
remains that are being preserved in alpine ice (Dynes, 2018). These alpine perennial snow/ice
patches remain in high mountainous areas where temperatures are known to be colder.
Perennial snow/ice patches form from accumulations of snow and ice from previous winters
that does not melt in the summer (Dynes, 2018). Glaciers themselves can provide a way to see
fragments of time through their capability to hold atmospheric conditions within the ice.
Throughout time within the glaciers, there are continuous layers of ice deposits that form at the
time they are made. Researchers have used ice cores to drill below the surface into older layers
of ice. By doing so they can gather data over a span of centuries and get an insight into climates
of the past. The cold weather in these regions acts as a preserving agent for a range of artifact
types. While it preserves well in the ice, climate change is now becoming an issue for these foot
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sites. Changing temperatures result in the massive melting of glacial ice which currently covers
10-11 percent of the Earth’s surface (USGS, 2011). The extent will continue to diminish over the
years if temperatures keep rising. NOAA's (2020) Annual Climate Report stated that the
combined ocean and land temperature has increased at an average rate of 0.08 degrees Celsius
per decade since 1880 (Lindsey, 2020). A notable area that has seen high amounts of snow and
ice melt is in the Jou Negro region of the Cantabrian Mountains in Europe. This region has seen
an 88.5% decrease in its glaciated regions (Serrano, 2011). In North America, the Wind River
Range in Wyoming has seen a 63% decrease in their glacier regions (Maloof, 2014). Not only
does it affect regions in North America it affects all areas across the globe that have alpine
regions. Many of the smaller low elevation glaciers around the world will lose a good portion of
their total mass with a 1.5° C temperature increase (Bhatt, 2021).
Climate change is a leading driver of site degradation. Site degradation involves the
damaging of preserved archaeological remains. Artifact types like textiles and organic material
will start to decompose when exposed to the surface atmosphere after thawing. Not only does
it destroy artifacts, but it can also destroy the stratigraphy of the materials. Without
stratigraphy, which is the geological principle to interpret a time scale by rock strata (Rafferty,
1998), it will impair the dating quality of the items. By keeping up with satellite images and
climate temperatures for an area it will help to predict locations most at risk. While high
elevation areas are not the most inhabited areas in the world, they still hold unique and
irreplaceable evidence of human populations of the past.
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1.2 Filling the Gap
Perennial snow/ice patch areas along with glaciers are essential to supporting life in
some densely populated areas. These areas act as a giant reservoir of water (Park, 2021). Any
increase in temperatures or decrease in the amount of snowfall can affect the increase of
melting. Globally glaciers have lost over 267 gigatonnes of water each year which is only
increasing in the coming years (Park, 2021). As temperatures rise these known reservoirs will
eventually disappear and no longer be of use.
The Crazy Mountains are no different than these giant reservoirs of water. The Crazy
Mountains is an isolated range located in central Montana (Figure 1). These high alpine areas of
the Crazy Mountains were and still are held essential to the Crow Nation tribe (Porter, 2019).
The mountains hold a sense of sacredness to the community that surrounds them. This area of
study has shown that the alpine regions are melting in correlation to rising climate
temperatures across the globe. With steady research in this area, the area change can be
monitored for any further impacts due to climate change.

Figure 1 Map of Montana (Benton, 2021)
3

With the use of Geographic Information Systems and remote sensing within the study,
the produced data can help confirm if the Crazy Mountains are indeed seeing changes in the
amount of perennial snow and ice. In turn with these effects, the research can also help note
areas of high change in correlation to possible archaeological deposit sites. These sites can help
indicate details of the people that once used to roam these mountain tops. This produced
research helps further the knowledge and fill the gap for this area since within the study area
there is only a select amount of work produced. This may be due to the area’s harsh elevation
change and a sparse amount of data.
1.3 Research Questions
Three questions were addressed in this study. The first is what is the current size and
location of perennial snow/ ice patches in the Crazy Mountains in comparison to past extents?
The second question is which of these perennial snow/ ice patches locations have the highest
potential for previous habitation or use based on local physiographic conditions? The third
question is which of these perennial snow/ice patches are most vulnerable to melting and
potentially uncovering artifacts? By trying to answer these questions the study can help to
determine the area’s most suitable locations for artifact retrieval.
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CHAPTER 2
LITERATURE REVIEW
2.1 Climate Change
Climate change is a vast term that can result from gradual changes in atmospheric
moisture, wind intensity, temperature, precipitation, and even changes resulting from extreme
events such as hurricanes (Sesana, 2021). Especially over the last century, we have seen
temperatures increase by nearly 1 ˚C since the rise of fossil fuels nearing the second half of the
19th century (Markham, 2017). Air pollution and climate change have since been recognized by
the United Nations Educational, Scientific, and Cultural Organization (UNESCO) as immediate
threats to cultural heritage (Sesana, 2021). Many reasons archaeologists did not originally work
in high latitude archaeology was due to the severe climate of the regions, difficulty to get to the
sites, the assumption it would be unsuitable for excavation, no cultural context and they
assumed it to be less significant than the Plains (Benedict, 1992). But for archaeologists, these
regions have shown that climate change is causing high alpine archaeological sites to change at
an alarming rate resulting in degradation to remaining sites (Hollesen, 2017). With enough site
degradation to the remaining perennial snow/ ice patches, it can result in sites being lost
forever. Now high mountainous areas within the last couple of decades have started to gather
attention in the archaeology world in the mind of researchers worried about climate change.
Some researchers say that these high mountain regions are arguably the areas most affected by
rising climate change (Ignacio, 2017).
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2.2 Alpine Ice and Snow
Alpine ice and snow are located in the mountainous regions of the world. A common
feature in higher latitudes of the world is small glaciers (Serrano, 2011). These small glaciers go
by the term glacieret and are formed by the deformation of glacier ice due to the moving
internal structures of the glacier (Serrano, 2011). A snow patch is defined as an area of snow
cover that remains present after the main snowmelt period which is usually indicated by the
summer months (Lee, 2012). These snow patches can survive for several years. The amount of
present snow at the start of summer will prove to be an important factor when trying to
account for the variation in the total length of the patches in later months (Wattson, 1994). The
summer snow patches can have a profound influence on the plants, animals, soils, and water
supply for an area (Wattson, 1994). These snow patches can prove to be crucial to the
ecosystems that they are found in. Ice patches are generated by the accumulation of snow and
firn development in alpine locations. Ice patches do not have flow movement (Serrano, 2011).
Ice patches move at a different rate than glaciers since the extent of thickness can be
dramatically altered in the presence of major snowfall events (Lee, 2012). This structure of ice
mass is usually found in sub-horizontal or horizontal regions (Serrano,2011).
The topoclimatic factors for these small ice masses are attributed to shady aspects of
wind drift and snow avalanching over time (Serrano, 2011). North-facing orientation and higher
altitude ice patches help the glaciated masses survive until the threshold is met and then
surpassed resulting in disappearing glaciers (Serrano, 2011). These topoclimatic factors
however are not sufficient in protecting the ice patch from warmer than average summers or
fewer amounts of snow precipitation. Notably, Lee (2012) identified three factors that appear
6

to influence an ice patches potential to contain archaeological material. The first is if the
snow/ice patch is in relative isolation from one another. The second factor being it is in a lower
elevation. The third factor would be the relative ease for both humans and animals to access
the area (Lee, 2012). High elevation sites can include a variety of cultural activities ranging from
ceremonial fasting or vision questing to gathering needed materials (Lee, 2012). Materials such
as chert for making tools to hunt with or alpine plants to use for medicinal purposes. Most
artifacts found from these sites are encountered on the downslope margin of the ice patches
(Lee, 2012). This can be due to the fluvial erosion transporting the artifacts further downslope.
The identification of locations where perennial snow and ice patches are most vulnerable to
melting can help in determining the best places to search for and study artifacts
Understanding glaciers and ice sheets have become more important as climate change
continues (Gillette, 2013). Glaciers cover ten percent of the current land surface and supply the
world with seventy-five percent of its freshwater (Maloof, 2014). Glaciers can provide clues
about the past through the preservation of atmospheric conditions and climate levels of the
time (Krim, 2008). Glaciers in a sense are also data sources. Glaciers can hold paleoclimate
archives for the study of climate temperatures. With losses in this, they can have negative
consequences on society. Previous information on climate levels for past times will be erased.
Glaciers advance and retreat as balance shifts between ice melting and snow accumulation
during the winter months. (Kelly, 2003). Throughout time within the glaciers, there are
continuous layers of ice deposits that form at the time they are made. These layer deposits can
give a clue to the weather during the time of accumulation. From these ice areas, many
researchers take ice cores by drilling into the ice sheet (Krim, 2008). The researcher will then
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perform tests to see the oxygen levels, the chemical composition of dust, ash layers, air
bubbles, and to see how thick the ice is (Krim, 2008). Along with glaciers, overall ice melt has
seen a prevalent rise in areas like Greenland and the Arctic. With the use of remote sensing in
these areas we can see the ice mass balance loss (Cazenave, 2006). Which could mean a rise in
sea levels with climate change. Today the ice masses shrink to below anticipated critical extent
that could lead to an irreversible loss (Notz, 2009). These extents are known as tipping points.
Tipping points are defined as “if the ice does not recover from a certain ice loss caused by
climate warming even if the climate forces were to return to colder conditions that existed
before the onset of that specific ice loss” (Notz, 2009, P.1). While the ice melts it gives the
chance for more sunlight to be absorbed which in turn shrinks the ice even more. These areas
not only lose ice, but Ignacio (2017) stated that glacier loss can lead to the disappearance of
cultural identity in the surrounding local communities. The consequences of human-nature
interactions can be seen as moral examples to humans who have caused high amounts of
changes along the landscape. From these losses of ice sheets is where we start to see and
discover any artifacts that remain within the area. With the help of GIS and remote sensing,
archaeologists can get a better understanding of the archaeology present in these alpine ice
areas.
2.3 Culture in the Landscape
Culture can be attributed in many ways to a people's place, beliefs, arts, laws, and even
capabilities. In the early works of archaeologists, there is an overall assessment of how cultures
attribute meaning and value to their views on weather and climate. It is essential to see how
different cultures of people have had to adapt to the changing climate of their environment
8

(Crate, 2011). Culture helps to frame the way people interpret their own environment. By
addressing the current environmental situation of these groups of people, archaeologists hope
to be able to develop an understanding of their point of view. A recent surge in interest in this
topic is known as global change archaeology. Hardesty (2007, P.1) claims that “Global-change
archaeology seeks to document and apply historical knowledge of past human-environmental
interactions to the understanding of contemporary environmental problems and management
and planning for future sustainability”. With learning how past civilizations have learned to
adapt to sudden changes in climate global change archaeologists hope to use the learned
information to better equip the world on the current climate change issues.
Climate story is another concept that has been brought forward in recent years. While
researchers have records of atmosphere conditions dating back to fluctuations that have
happened on earth there is also a record of variations of the cultural heritage of human
behavior (Rockman, 2017). Meaning that cultural heritage tracks people's migration with the
landscape. The atmosphere then changes the environment surrounding the migration. Many
think that cultural heritage could be the missing link to understanding climate change. Climate
stories originated to assist US National Park Service (NPS) interpreters in trying to connect the
people with the landscape (Rockman, 2017). A climate story is an explanation as to why the
areas climate has been affected and how we can connect ourselves to the changes that are
occurring. Climate stories connect the place, climate change, and cultural heritage all in one.
World heritage sites draw millions of annual visitors and provide the public with a view of
archaeology in the field. Anthropogenic climate change is what threatens these world heritage
sites. Many claim that it is the fastest global threat to cultural heritage worldwide (Markham,
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2017). Many vulnerable archaeological sites are threatened by damage caused by climate
change. These damages can include melting ice, reduced snow cover, warmer temperatures,
and even wildfires. When tourists travel to high mountainous regions, they affect the current
ecosystem of it. In turn, the climate change of the area will then affect the local communities.
While mountain tourism has helped with the increase in the economy for many of these villages
it is also indirectly changing the landscape (Rockman, 2017). This could even prove to be
dangerous with lower temperatures, permafrost degradation increases the risk of rockfalls in
these high mountain areas.
Populations have been residing for millennia on the high-altitude plateaus of the world
(Beall, 2014). Living in these areas require certain adaptations needed for the environment. The
unique stress at high altitudes is called hypobaric hypoxia (Beall, 2014). This means the
barometric pressure is decreasing with the increase of altitude causing oxygen pressure to
decrease. The expression of high altitude for most individuals has changes that occur at levels
above 3000 meters, but some individuals feel atmospheric effects at levels as low as 2000
meters (Beall, 2014). Other than hypoxia there are also stresses of diet, solar radiation, and
disease ecology to be mindful of. These stresses vary between populations, latitude, climate,
geography, and even age. To adapt to these situations biological and cultural adaptions were
made for survival (Beall, 2014).
2.4 Archaeological Deposits
Humans leave a legacy of cultural heritage behind that can range from monuments,
archaeological sites, and historical buildings. These remains can present a sense of identity,
place, and well-being to the current local populations (Sesana, 2021). Since Ice patches are
10

perennially frozen features, they have the ability to preserve even the most fragile of
archaeological components (Andrews, 2012). The melting of snow/ice patches has made an
opportunity for the discovery of both archaeological and biological artifacts to be discovered
and used to study past environments and their people. However warmer climates cause
temperatures to oscillate below or above the freezing point (Sesana, 2021). This can endanger
porous material types in archaeological sites and historical buildings resulting in degradation.
Degradation can include the disintegration of ceramic materials and structural damage. Those
cultural assets that are present within the permanently frozen ground will be subjected to
annual freeze-thaw cycles that will cause further degradation to the area (Sesana, 2021).
Extreme heat combined with droughts in mountainous areas can increase the risk of ignition of
fires. For the Crazy Mountains, the area has been known to have wildfires burn within the
hotter months of the summer. Archaeologists and researchers are working on cataloging the
impacts of climate change to try and define a new sub-discipline for this field known as the
archaeology of the terrestrial cryosphere (Andrews,2012).
Located in the diagram below (Figure 2) are previously found artifacts within this
mountain range. These were collected by a resident of the area over the time period of many
years. Due to the extremely cold and dry conditions, these artifacts remain preserved. While
high altitude areas are not the most inhabited regions of the world there is archaeological
evidence that suggests mountains served as vital places for human populations of the past
(Reckin, 2013). Artifacts in these areas can range from feathers, hides, projectile points, dart
shafts, chert tools, and even a wooden bow. The artifact scatter areas are known as
archaeological hot spots (Hare, 2018). In the summer herds of animals would escape the
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summer heat in these areas making them ideal areas for hunting grounds for ancient hunters
(Hare, 2018). This explains why most artifacts found in these areas are hunting tools and
equipment.

Figure 2 Artifact remains found within the Crazy Mountains of Montana
(http://crazymountainmuseum.com/morris.shtml)
2.5 Europe Ice Patch Archaeology
With the rise of high-altitude archaeology, there have been many sites that have been
discovered in recent years. In Norway, many sites have been found due to climate change
exposing them to the surface. In the Langfonee ice patch area of Norway sixty-eight projectile
points from the Neolithic to the Viking Era have been discovered (Program, 2020). From
Norway to the Alps of Austria there was also a discovery made that involved human remains.
The oldest and most preserved human body ever found was the Otzi man (Weidinger, 2019).
12

The melting glaciers in the Alps of Austria helped to make this discovery of him and over three
hundred artifacts as well. In Greenland, the impact of climate change has affected a wide range
of archaeological sites. Many sites have come forward within the recent years that
archaeologists in the area are not able to keep up with the influx. This leaves these sites
exposed and site degradation has occurred. The researchers mapped these sites using air
photographs, satellite images, and surveys to see changes within the landscape (Hollesen,
2017). The researchers noted how the change in vegetation, coastal erosion, thawing of
permafrost, and microbial deterioration were the main causes of climate change in the study
area. Wattson (1994) looked at snow patches from the summer to autumn from 1974-1989 in
Northeast Scotland. Wattson was able to map 158 ice patches. Unfortunately for this region,
there was a lack of long-term data on climate for the higher altitudes. Wattson noted that 60%
of the patches faced Southeast or Northeast. Schmidt (2012) used remote sensing to map out
glaciers in the Kang Yatze massit located in Northwest India. Schmidt mapped out the glaciers
from 1969 to 2010. His study analyzed area changes of 121 small glaciers to measure the
retreat of the valley glaciers. Schmidt found that over the four decades the glaciated areas
shrank by about fourteen percent. However, within this region, Schmidt believes more
understanding of the climate change in the mountains of South Asia is needed due to the
controversial trends both in precipitation and temperature. This is mainly caused to exclusion
of climatic stations data sets.
The Jou Negro ice patch located in the Cantabrian Mountain Range is also an example of
a European Ice patch (Serrano, 2011). This region located in Picos de Europa was the only area
in the Cantabrian Mountains that were glaciated during the Little Ice Age. This ice patch started
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as a glacier but due to recession, it transitioned from ice bodies to ice patches. This change
replaced the glacial environments with periglacial environments. Now presently four ice
patches still exist within this area. The researchers found that until the end of the nineteenth
century there was an indicated glacier still present in this area. With the reconstruction of the
Jou Negro glacier based on the cartographic works and the pulled historical data the
researchers confirmed the area had a loss of 88.5% of the ice surface present in the area. This
study also indicated that within the last 500 years the year 2003 was the warmest summer in
Europe (Serrano, 2011).
2.6 North America Ice Patch Archaeology
North American ice patch archaeology began in 1977 with the discovery of a wood
atlatl dart located in Southern Yukon territory (Andrews ,2012). This feature would later spark
projects from the continental US, Alaska, Northern Rockies to even the Alps in Austria. In North
America, it appeared to have appealed to hunters in these alpine snow/ice patches since these
were areas where large mammals such as bighorn sheep and bison would graze and live
(Andrews, 2012). The alpine snow/ice patches provided mammals with drinking water. Another
prominent discovery was the Willow Bow in North America. The Willow Bow was found in the
Yukon Territory of Canada (Weidinger, 2019). The archaeologist Tom Andrews was able to pay
for aerial photographs of the area which he then used to determine possible areas of artifact
remains and set off to uncover these remains (Weidinger, 2019). Andrews was indeed correct in
his findings and was able to recover a three hundred and forty-year-old willow hunting bow.
This study was done with the use of ice patch archaeology and aerial imagery looking at
archaeological sites in the Yukon Territory. Andrews (2012) was able to use remote sensing and
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field surveys to identify eight sites. These sites included a range of artifacts from a throwing
dart, bow-and-arrow, and even a snare. Over 95% of the artifacts being found in the Soro
region mainly contain wood components (Andrews, 2012). These fragile type artifacts are
valued for their importance but also prove to be at high risk due to the nature of their makeup.
These finds can provide useful in studying the technologies and implements within the
archaeological record.
In Alaska, they also performed a site analysis using Modeling Archaeological Potential of
Ice and Snow (MAPIS). Dixon (2005) described this MAPIS model as a GIS model that was being
developed to focus on aerial photographs and pedestrian surveys for site discovery in these
glaciated regions. By using this model, they were able to determine five prehistoric and nine
historic sites by mapping over a hundred and fifty Global Positioning System coordinates. This
site had a range of artifacts from arrowheads, wooden shafts, and projectile points. Glacier
National Park in Montana has seen a loss of two-thirds of its glaciers since the year 1980
(Martin-Mikle, 2019). While the mapping for this area did not seem to take off until after the
twentieth century the understanding of glacial loss over time can help to understand the
current climate drivers for this area. Ninety-five out of one hundred and forty-six glaciers were
noted to no longer contain any glacial ice (Martin-Mikle, 2019). The researchers noted that the
area loss could be attributed to the topographic variables of aspect, slope, area, and elevation.
A notable glacier region that has also been mapped is the Wind River Range located in
Wyoming. This area spans 160 kilometers and contains seven out of ten of the largest glaciers
within the American Rocky Mountains (Maloof, 2014). Maloof’s team was able to map out 44
ice patches orthorectified by aerial photography from the years 2006 and 2012. The
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researchers were able to determine there was a 63% decrease in glacier volume from its
original mapped area in 1966 to 2012 (Maloof, 2014). The researchers noted that solar
radiation, precipitation, and temperature were the main drivers for the glacier recession in the
area. Based on their calculations if continuous higher temperatures and lower precipitation in
this area happen these alpine glaciers will continue to have periods of recession.
An example of the archaeology done in the Crazy mountains would be the discovery of
the fossil material of the new species purgatories. They have stated it to be a possible
Paleocene in age and it was collected from Simpson Quarry in the Bear formation of the Crazy
Mountain Basin (Buckley, 2017). In the eastern Crazy Mountains basin, it is said to contain one
of the best-known sequences of fossil mammal localities from middle to late Paleocene
(Anthony, 1991). Archaeologist Anthony had done field expeditions in Hartman Quarry,
Silberling Quarry, and Gidley Quarry to study the material needed to understand the middlelate Paleocene transition in this area (Taylor & Francis, 1991). From these discoveries alone and
the mention of potential study in the Crazy Mountains, it can be inferred that there is a
possibility in these perennial snow/ ice patch areas to see and uncover archaeological remains.
2.7 Indigenous People of the Crazy Mountains
The Crazy Mountains have been known to stir up both myth and legend about them.
However, the Crazy Mountains are also known to be the geographic and spiritual home of the
Crow Nation (Porter, 2019). The Crow Nation original reservation encompasses most of the
region of the Crazy Mountains (Figure 3). However, due to land shifts, most of the Crazy
Mountains are now either a part of the United States Forest Service or have become privately
owned for recreational use, often in a one-square mile checkboard pattern (1.6 km x 1.6 km).
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From recreationists, ranchers to politicians all have stacked claim in the isolated range. The
newest edition to this range is a proposed skiing lodge for commercial use. With sections of the
Crazy Mountains being privately owned it makes it harder to access this vast mountain area.
Research has been forced to only be performed United States Forest Service land.

Figure 3 . Distribution map of Indigenous people that inhabit Montana
(Source: https://www.montana.edu/iefa/introductiontomttribalnations/tribalterritories.html)
The Crow Nation is a federally recognized tribe of Montana that has been around for
over one hundred and fifty years (Porter, 2019). The Crow Nation used the Crazy Mountains for
spiritual and tribal practices. Young Crows would journey up the side of the mountains to the
peaks. Here they would fast and pray for dreams. The Crow Nation believed that this would give
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them guidance and strength to the individuals. These dreams shaped their reality because they
believed in them. The Crazy Mountains however go unprotected today. This piece of land did
not end up being a part of the 1987 forest plan of protection meaning that these lands are in
danger of being altered (Porter, 2019). Porter (2019) stated that “From my perspective, the
Crazy Mountains are the most deserving and least protected area in the state of Montana”,
which addresses how important this area is to some people. The Crow Nation is just one
example of a group of people that claim sacred importance to a landscape. Communities across
the world place importance in the landscape and most notably the glaciers within the areas
they have inhabited. Glaciers hold a strong symbolic or sacred meaning for local communities
(Ignacio, 2017). In a study done they found that most of the concerns indigenous people had
about climate change were formed around the cultural values of places and landscapes
(Carmichael, 2017). Promoting climate change and trying to find better ways to prevent it to
help the salvation of their lands is what is at the forefront of their issues today.
2.8 Remote Sensing and Geographic Information Systems
Geographic Information Systems (GIS) is defined as a computerized system that displays
and analyzes geographically referenced information that can be used to study different types of
research (ESRI Redlands, CA). In the environmental sciences more is being done with the use of
GIS tools. In exchange for hard copy maps, it is being integrated into computer software. Most
of this transition has happened in the last twenty to thirty years with the rise of software
development. Some archaeologists are not too keen on the implementation of technology that
is so prevalent in their workforce. Sharon (2004) stated that “If archaeology, both in its
statutory arm and its academic wing, fails to initiate the transition from manual to
18

computerized storage and analysis of spatial data now, it will be forced to do so in the not-toodistant future, when non-digitized spatial data will no longer be accepted”, meaning if
individuals decide not to make the switch they will end up being outdated and have a harder
time dealing with data. The use of aerial photography is very common in archaeological GIS.
The focus of this product is on the landscape by interpreting the site in that context. Regarding
GIS in archaeology, many believe that GIS introduces environmental determinism to
archaeology, but this can be overcome since GIS can be extended to induce non-environmental
data (Ebert, 2004). Examples of this include ideological, social, and political factors that can play
apart in site locations. GIS provides an archaeologist with a powerful set of tools to be able to
explore and analyze any settlement patterns shown of past civilizations. Some archaeological
risk assessment methods include using GIS-based analysis in the evaluation of the probability of
site exposure in comparison to climate change projections. Continuous advances in portable
GIS have helped lower costs in this field. Archaeologists are making the switch from paper
forms to using maps within the GIS system (Tripcevich, 2010). An archaeologist might do a
Global Positioning System (GPS) point of an area to mark where in time the artifact or site was
found. An archaeologist could also use these GPS points and implement them onto a GIS map
to determine artifact scatter. Remote sensing gives the user an efficient way to study the
glaciers even if the areas are inaccessible to get to.
Suitability Analysis is a tool through the ESRI ArcGIS Pro software (ESRI Redlands, CA)
that allows the user to compare, qualify, and rank sites based on a set of criteria the user
determines (ArcGIS, 2010). These analyses of the suitability layer are scored using a weighted
system to find the most suitable locations for your determined site. Based on the location of
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the Crazy Mountains and having them contain more than 50 mapped perennial snow and ice
patches make them an ideal candidate for using suitability analysis in locating ice patch
archaeology sites.
The overall point of this literature review was to showcase the current issues in society
revolving around climate change and ice patch archaeology. Using remote sensing and GIS data
users can get a better insight into the world around us. Other areas all around the world are
having these climate change areas which results in previously preserved sites coming forward.
Meaning that archaeological remains are at risk of being destroyed. Preserving the past should
be at the forefront of solving these issues for the future. Not only are the archaeological
remains at risk but over fifty well-known glacier tourism destinations worldwide are seeing
firsthand effects caused by climate change (Ignacio, 2017). As Marham (2017, P. 15) stated it “If
not recovered and preserved – a difficult task in these high, remote locations – they are likely to
be permanently lost. Increased rates of warming will reduce the time available to investigate
and preserve these ice patch sites”, meaning if more is not done then site information will be
lost to climate change.
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CHAPTER 3
METHODS
3.1 Study Area
Montana in general is known to be an area of beautiful scenery and to have a range of
alpine ice associated with it. These glaciated alpine regions within Montana hold the possibility
of having ice patch archaeology associated within the regions (Figure 4). Out of these glaciated
regions, the Crazy Mountains were evaluated to determine if there were possible
archaeological deposits within the present alpine snow/ice patches.

Figure 4 Map of glacier regions of Montana
(Source: https://glaciers.us/glaciers.research.pdx.edu/Glaciers-Montana.html)
The Crazy Mountains are located above the plains within the counties of Sweet Grass
and Park. The area of study is about ninety kilometers Northeast of Bozeman, Montana. The
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area is just over fifteen kilometers wide. The glacial scouring in the area had produced deep
valleys that contain high-elevation lakes. Looking at the topographic map for the area the
landscape shows a span of peaks that range in elevation from 2500 to 3400 meters. Sitting at
the top of these peaks is Crazy Peak that is about 3416 meters. The average elevation is 2860
meters (Fountain, 2011). The rock formation for this area is over forty-nine million years old (Du
Bray, 2006). This mountainous range was formed by igneous rocks and glaciers (Du Bray, 2006).
The basin is a compound tectonic feature that was formed by the placement of the Laramide
compression onto the Precambrian crystalline base of the area (Aten, 1974). The grinding,
scoring and transportation across the landscape of glacial ice helped to shape the landscape of
the region. An example of this sculpting is the Big Timber Canyon that has a u-shaped valley
formed from glacial erosion (Murray, 1989). The late Pleistocene Big Timber Canyon glacier
moved through the region during the glacial epochs. The main bedrock geology at the core of
the Crazy Mountains was formed by igneous intrusions including radial dikes (Du Bray, 2006). A
dike is a sheet of rock that is formed from a fracture of any preexisting body (Du Bray, 2006).
The mountain range has a high enough elevation that alpine perennial snow/ ice patches and a
singular remaining glacier can form in this region. The only named glacier in the Crazy
Mountains is Grasshopper Glacier.
Park and Sweet Grass counties where the Crazy Mountains are is also noted to be
wetter than many areas within Montana (Woods, 2002). From the acquired snowfall data on
record in 2005 the total snowfall from the SNOTEL (Table 1-2) sites both Porcupine and S Forks
Shields show 797 centimeters that fell (United States Department of Agriculture, 2022). While
in 2011 the weather data showed a total of 1272 centimeters. With 2005’s winter being
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immensely small for snowfall in the SNOTEL data we can also see a correlation within the
imagery of having less seasonal ice patch areas for that summer. However, it is important to
note that this area does not have high amounts of data due to the scarcity of historical data
collection. The region’s unique formation makes it to be one of the two windiest locations in
Montana (Graetz,2022). The humidity for the region tends to be higher in the winter than in the
summer. The average low in winter is within the range of -9.4- -8.3 degrees Celsius while the
average high is within the 23.3-28.8-degree Celsius range (NCEI, 2022). The study area was
mapped out within ArcPro’s (2.9.1) software which included the snow/ice patch locations and
the SNOTEL stations that provided the snowfall data for this area (Figure 5).

Figure 5 Study area of Crazy Mountains, Montana, USA
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3.2 Data
The seasonal climate data for the area was obtained from the SNOTEL sites Porcupine
and Shields River. These average climatic parameters for the area are from the counties of Park
and Sweetgrass. Snow water equivalent and air temperature average was also indicated to
show more on the climatic features of the region.
Table 1 Porcupine reporting frequency for date range 1972 to 2020
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Table 2 S Fork Shields reporting frequency for date range 1972 to 2020

Multiresolution aerial photos were used to examine area changes between 1972 and
2020. The imagery was obtained from the Montana Official State Website which hosts the
National Agricultural Imagery Program (NAIP) imagery. NAIP imagery acquires their imagery
during the agricultural growing seasons within the United States (U.S. Department of
Agriculture). NAIP imagery was used for the years 1998, 2005, 2011, and 2020 (Table 3). For
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1972 the only available imagery for the area was historic topographic maps. The topographic
maps were taken from aerial photographs in 1970 and then field checked in 1972.
Table 3 Resolution and access for research imagery
Year

Scale/Resolution (Meters)

Accessed

Date Taken

1972

1:24,000

USGS

NA

1998-1999

5

NAIP Imagery

NA

2005

5

NAIP Imagery

08/21/2005

2011

5

NAIP Imagery

NA

2020

5

NAIP Imagery

07/16/2020

Topographic maps were downloaded from the United States Geological Survey (USGS)
earth explorer. The 7.5-minute series topographic was used for sections named Crazy Peak and
Campfire Lake which had a scale of 1:24,000. The imagery dates that were available for 1998,
2005, and 2020 show that the imagery was collected during the summer months. Each photo
then was georeferenced using NAD 1983 StatePlane Montana FIPS 2500 (Meters) Using the
North American Datum 1983 (NAD83). The imagery was then digitized using the ArcGIS Pro
software (ESRI Redlands, CA) in correlation with the known perennial snow/ ice patches.
3.3 Ice and snow patch delineation
Each year’s perennial snow/ ice patches were mapped out on the provided imagery
(Figure 6). Once the digitizing was done the work then shifted to identifying the parameters
that could impact the perennial snow/ ice patches boundaries
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Figure 6 Shaded relief map of the Crazy Mountains with perennial snow/ ice patches
represented (Fountain, 2011)
Aspect, elevation, incoming solar radiation, distance to streams, and slope were
identified as the five crucial parameters affecting the current perennial snow/ ice patches of
this area. Aspect being the snow/ice patches position within the topography of the landscape.
This parameter is crucial since a snow/ice patches positions can determine its melting rate.
Snow/ice patches with a Northeast orientation have a higher melting rate. Elevation is height
above sea level. This parameter was chosen since the snow/ice patches have varying elevations
that can help to identify physiographic parameters. Incoming solar radiation is the amount of
solar radiation that is produced from the sun to Earth. With high amounts of incoming solar
radiation, it can warm and melt the current snow/ice patches. Distance to streams is the
distance between the nearest water source and the snow/ice patches. This is important when
trying to determine plausible human habitations. Slope is the included horizontal position of
the landscape. Higher slope areas can indicate less likelihood of travel due to its difficult terrain.
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ArcPro’s (2.9.1) tools were used to calculate slope and aspect from the elevation raster
imagery. The elevation raster used for the study was developed in October of 2020 and was
taken from the United States Geological Survey website (U.S. Geological Survey, 2022).
Elevation layers are produced from data coming from photogrammetry, LIDAR, and contour
sources. Elevation layers help to identify base heights within the study analysis. The aspect tool
can identify the direction on the topographic landscape for the downhill slope faces. This tool
breaks each cell up to indicate the compass direction of the surface at each location measuring
from 0 degrees to 360 degrees. The slope tool can identify steepness of each cell within the
raster surface. For the slope tool Planar Method was used which calculates the maximum rate
of range within a cell to its surrounding neighbors (ESRI Redlands, CA). Distance to streams was
calculated using the Euclidean distance spatial analyst tools. The Euclidean distance tool
calculates the distance from the source to each cell that is located within the raster layer. The
streamflow line clip data used for this was acquired from the Montana State GIS Website
(Montana Official State Website, 2022). The incoming solar radiation was calculated using the
elevation data along with the Area Solar Radiation tool. This was processed using the full year
of 2020. The Solar Radiation tool can indicate how much solar energy is directly warming this
area in comparison to previous years to see how the climate is changing. This tool can be used
to compare year to years changes in energy based on the outputted solar radiation values. High
values on the scale indicate more solar radiation energy affecting that area of the snow/ice
patches.
From there the data was then plugged into the ESRI ArcPro software to calculate the
suitability analysis based on the four parameters (Figure 7). Note that the original five
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parameters were cut down to four. It was determined that aspect had an overlapping similarity
with the other parameter incoming solar radiation. Since both tools take aspect in to account it
was determined that incoming solar radiation was more beneficial for the study. Since the tool
calculates aspect and solar radiation within the landscape it was the better option. For this
suitability model, the use of Model Builder in ArcPro was needed. Model Builder is a
geoprocessing tool used to perform spatial analysis with imported GIS data (ESRI Redlands, CA).
The tool is used to edit, create, and manage the produced models using tools and inputs. Each
of the four parameters layers had to be reclassified. Reclassifying allows a way to assign priority
within the criteria of a raster. These parameter layers were classified using the equal interval
method with four determined classes. From there all four parameters were implemented into
the Weighted Overlay tool. The Weighted Overlay tool is another spatial analyst tool that
measures the weights of each raster according to the defined importance of the user (Weighted
overlay). The values of the weights are multiplied by the values within the suitabilty layer. The
outputted values are then summed together.
Based on the knowledge from other researchers and using the Analytic Hierarchy
Process (AHP) each raster was assigned a weight that determined which would most likely
affect the areas of snow/ice patches. Based on Dr. Craig Lee’s work (Lee, 2012) noted three
characteristics that were definitive in identifying ice patch site locations. These characteristics
were lower elevations, isolation from other ice patches, and accessibility for people and
animals. Taking these characteristics into account with the AHP method helped to give a better
understanding in how to weight each parameter. The AHP Method is a structured technique
used within an excel document that organizes, and analysis weights based on statistical
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mathematics (Saaty, 1994). The highest score being the best and lowest score being the least.
Within the excel AHP document four was classified as the number of criteria to be inputted
based on four parameters previously mentioned. The next step within the input section was to
determine between each parameter which was deemed more important and by how much of
an intensity. Incoming solar radiation was outputted with the highest weight of fifty five
percent. For both elevation and distance to streams the outputted weight was nineteen
percent. The parameter slope came in last with a weight of seven percent. With each of these
scored the outputted result helped to give an idea of which of the snow/ice patch changes
could show promise of having archaeological deposits possible.

Elevation

Slope

19%

19%

Distance
to
Streams
7%

Solar
Radiation
55%

Weighted
Overlay

Figure 7 Flow chart of Weighted Overlay
With these parameters identified the Weighted Overlay tool was able to be ran. The
Weighted Overlay tool was originally based on a regional planning approach developed in the
1960’s (Mitchell, 2012). This McHarg’s method is implemented into GIS by mathematically
overlaying the layers that correspond with the determined criteria. These overlapping layers
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are the four parameter raster layers that were created using the ArcPro tools and the elevation
layer. The suitability values for the layers were determined to be of a 1 to 5 scale. However, this
was rescaled in the remap table with a 1 to 3. The determination ensures that the values are
comparable with 1 being of low suitability and 3 being of high suitability. Once the criteria are
inputted into the tool the model is then ran and the outputted weighted overlay analysis map is
developed.
3.4 Fuzzy Overlay
The Fuzzy Overlay Method was also used to compare its outputted results to the weighted
overlay analysis results. The Fuzzy Overlay Method rate’s locations based on their suitability within the
layers and allows suitable values that are not well defined (Mitchell, 2012). This method allows the
data to go beyond the weighted sum that is represented in the weighted overlay method to transition
into the suitability layer. The Fuzzy Overlay method uses a set theory to specify the likelihood the given
value is a part of the member set (Mitchell, 2012). The numeric scale is represented from 0 to 1 with 1
being most suitable. This method used the same four parameter layers to classify the data on a 0-1

scale to normalize the output value. By assigning the fuzzy membership values to each raster
layer and combining them together the outputted result shows the area’s most suitable based
on the criteria. Within the Fuzzy membership tool each raster layer must be assigned a specific
function. The functions allow for the data to process based on the function calculations and
defining the relationship. For elevation, slope, and distance to streams the function Mean
Standard (MS) Small was used. MS Small function assigns the observed values that are above
the mean to a high fuzzy membership. The more the membership values decrease the higher
the observed values increase. Incoming solar radiation used the function of Large due to the
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large input of values that have a higher membership. The Fuzzy Large function identifies a
midpoint and any values that exceed that midpoint have a higher chance of being a member
(Mitchell, 2012). With the combined four parameters processed through the fuzzy membership
classification the next step is to input the rasters into the Fuzzy Overlay tool (Figure 8). The
used overlay type for this tool was sum. The sum type allows the data to be combined for the
multiple layers if it shows to be larger or more important than the individual inputs alone
(Mitchell, 2012). The tool is then run, and the outputted results are displayed which helps to
identify suitability locations based on the given snow/ ice patch data.
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Fuzzy
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Figure 8 Flow Chart of Fuzzy Overlay
3.5 Cluster Analysis
After the data was classified the overall area change was calculated between the years
and inputted into an excel file. This excel file along with the .csv files from the four parameter
layers were imported into the SPSS Statistics 28 software (IBM, Armonk, NY). The SPSS Statistics
software is a highly powerful statistical software that allows users to develop quality decision
making and ensure high accuracy within the outputted statistical analysis (IBM, Armonk, NY).
Within the software there are many different analysis types to choose from. For this study
Cluster Analysis was done using the Hierarchical Agglomerative Classification with Wards
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Method (Wards Method). Wards method calculates the sum of the squared distances within
the clusters to ensure the breakdown of groups within the data (IBM, Armonk, NY). The
determined four parameters were used to determine which snow patch sites were most similar
or different based on the statistical analysis from the software. The data was standardized using
a 0-1 range. Standardization changes the clusters to find a more equal scale within the data.
This step ensures to help clarify the range of data inputted into the statistical software.
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CHAPTER 4
RESULTS
4.1 Current Map of Perennial Snow/Ice Patches
Looking at the results for the entire study area 57 perennial snow/ ice patches were
identified for 1972 with only 52 remaining in 2020. Of those 52 remaining snow patches you
can see them represented below on Figure 9 through an outputted map using ESRI ArcPro
(2.9.1) software.

Figure 9 Location map of 52 ice patches in the Crazy Mountains
In other areas, some perennial snow/ ice patches have completed disappeared. For
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perennial snow/ ice patch number four which is located on the western side of the Crazy
Mountains it completely vanished sometime after 2011. Based on the imagery some perennial
snow/ ice patches resulted in a combining of two or more perennial snow/ ice patches within
the same area. We can see this happening for ice patches 2- 3 within Figure 9 and for ice
patches 34-35. This could be due to it being difficult in identifying the boundary extent since the
snow-covered landscape made it difficult to identify exactly where each individual ice patch
boundary was.
4.2
4.2 Area Change
The results of the study found that there are areas of the Crazy Mountains being
affected and the results can be seen within the topography of the area. Whether the changes
being due to climate change or other physiographic reasons I unable to say for certain.
However, with using aerial photography, the total surface area for all perennial snow/ ice
patches was calculated at 2028.662 m2 for the year 1972 while the 2020’s area amount was
3105.985 m2 (Table 4). This results in a positive change but could be attributed to a heavier
snowfall season.
Table 4 Snow/ice patch total area
Year

Snow/Ice Patch Total Area (m2)

1972

2028.66

1998-1999

3241.97

2005

917.04

2011

2877.47
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2020

3105.99

Out of the presented digitized years it’s important to note that 2005 showed to be the
period of greatest change among the snow/ice patches. The imagery used showed an accurate
representation of snow/ice melt from a notably smaller snowfall winter (Table 1-2). One of the
most notable perennial snow/ ice patch shifts was ice patch twenty-three picture (Figure 10).
This boundary shift saw a 68.46% difference from the years 1972 to 2020.

Figure 10 Boundary shift from 1972-2020 for perennial snow/ice patch 23
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Overall, the comparison between the years ranged from positive to negative growth. For
the years 1972 to 2005 there is a greater negative area change shown in Chart 1. In comparison
to the other years 2005 however we can see a complete drop in total area change that reflects the
results of an anomalous winter in comparison to the other years.

1972-2005 Ice Patch Loss

Number_Pos_Percent

Number_Neg_Percent

Chart 1. Total area changes for 1972-2005
Located in Chart 2 it shows a year-by-year change along a bar chart for the total area
snow/ice change. It shows that in the years 1998-1999 and 2020 there was significantly higher
amounts of snow/ice total area amounts than other years. For 2005 however we can see a
complete drop in total area change that reflects the results of smaller snow depth winter.
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Total Area Snow/ Ice Change
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Chart 2. Bar chart of total area snow/ice change over the years
Located in Chart 3 it shows a year-by-year change along a bar chart for the total area
snow/ice change for Grasshopper Glacier. In correlation with the previous chart, we can see this
area also experienced a low dip in year 2005.
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Chart 3. Bar chart of total area snow/ice change for Grasshopper Glacier
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4.3
4.3 Suitability Model
After the overall change in area extent of the snow/ice patches was determined for the
years, further analysis needed to be done to see if using the Weighted Overlay tool could prove
to be useful in identifying areas of high melt. Through the processing of the combined data
parameters a Suitability Model was able to be outputted using the Weighted Overlay Method in
Model Builder. For this to be done the layers of elevation, incoming solar radiation, distance to
streams and slope were inputted into the software. For the elevation layer it showed the regions
where the snow/ice patches occupy have a range of high and low points with a good portion of
them residing in the highest elevations (see Appendix E). Using the incoming solar radiation tool
through the ArcPro software the outputted results shown that the current snow/ice patches do
reside in the cooler regions of the topography (see Appendix B). That could explain based not
only on the elevation but on the amount of solar radiation coming into the surface how these
snow/ice patches were able to accumulate and stay for the period of many years. The distance to
streams layer was developed using the Euclidean Distance tool in the ArcPro software. This
layer showed a range of distances from the snow/ice patches to the streamline layer that was
inputted. The results of this shown that over half of the snow/ice patches were located in relation
to a source of water (see Appendix C). As for the slope of the region all the snow/ice patches
were located in areas of high slope. The Crazy Mountains are known to have ridge high peaks
which can be seen through the slope layer in ArcPro (see Appendix D).
The layers were then reclassified using equal interval into four classes. The reclassified
layers were then inputted into the Weighted Overlay tool. The Weighted Overlay tool helps to
add weights according to its determined importance. Based on the analysis from previous studies
and using the AHP method they were set with incoming solar radiation being the most important
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with fifty five percent. Elevation and distance to streams followed both with a tied weight of
nineteen percent. Slope came in last with only a seven percent weight. Located below in Figure
11 we can see a scatter of the snow/ice patches located within the red, green, and tan regions.

Figure 11 Suitability Analysis using the Weighted Overlay Method
This result shows that the areas in green in comparison to others are at most risk to being
affected by the determined four parameters in this study. Nineteen snow/ice patches were
determined to be in the complete green zone of melting and shown to be sites of possible
archaeological deposits. The sites include snow/ice patch numbers 1, 5, 7, 11, 13, 22, 23, 27, 28,
29, 31, 32, 40, 41, 45, 46, 51, 52, 53. The remaining thirty-three snow/ice patches proved to not
be likely to have visible artifacts based on the parameters that were examined. This does not
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entail that they could not yield archaeological deposits it is deemed through the analysis to not be
in a significant melting zone.
4.4
4.4 Fuzzy Overlay
After the Weighted Overlay tool analysis, the same four beginning parameters
were then plugged into the Fuzzy Overlay method to see which showed a strong membership
within the set. The layers were reclassified by equal interval of four classes. The layers were
then plugged into the Fuzzy Membership tool which classifies the data on a 0-1 scale to
normalize the output values. Each Fuzzy Membership layer was then inputted into the Fuzzy
Overlay tool where the tool was able to combine the data based on the analysis of the layers
(see Appendix N-Q). Shown below in Figure 12 is the outputted results. The fuzzy overlay
method found ice patches 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 16, 17, 19, 20, 21, 22, 23, 24, 26,
27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 44, 45, 46, 48, 49, 50, 51, 52, 53, 54,
56, 58. This analysis produced forty six areas of notable membership. Of those areas a portion
of the snow/ice patches are located within similar parameters of incoming solar radiation and
elevation. Each of the layers for the analysis within ArcPro can be broken down and attributed to
the proposed thesis questions (Table 5). The human side of this study revolved around the layer’s
elevation, slope, and distance to streams. The physical side found to revolve around the layers of
incoming solar radiation and elevation. The question types will further be analyzed within the
discussion section.
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Table 5 Human and Physical categories based on layer type
Categories

Type (Fuzzy)

Incoming Solar

Large

Human

Physical
X

Radiation
Elevation

MS Small

X

Slope

MS Small

X

Distance to Streams

MS Small

X

Figure 12 Suitability Analysis using the Fuzzy Overlay Method
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X

4.5
4.5 Cluster Analysis
A hierarchical cluster analysis using Ward’s method was conducted in SPSS Statistics 28
software (IBM, Armonk, NY) to determine which snow patch sites were most similar or different
based on landscape parameters of elevation, incoming solar radiation, distance to streams and
slope. Data set values were standardized to 0-1, with cluster groups identified with rescaled
distances less than 10. Pictured below in the Dendrogram Figure 13 four different clusters were
identified based on the four parameters (elevation, incoming solar radiation, distance to
streams, slope) associated with perennial snow/ ice patch loss. Based on the groupings, the ice
patches that had like elevations and incoming solar radiation were most similar which in turn
were the two parameters determined to be the most crucial to melting snow/ice patches.
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Group
1

Group
2

Group
3

Group
4

Figure 13 Hierarchical cluster dendrogram using Ward's Method
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CHAPTER 5
DISCUSSION
5.1 Ice Patch Changes
With the study analysis done it shows that most of the alpine regions do indicate total
area change loss. The high temperatures and the rising forest fires in this area correlate with
the amount of alpine snow/ice melt. With using similar parameters with that of other alpine
snow/ice research it proved to be useful when determining the root cause of the area changes.
However, what stood out was the consistency in the data that showed the 2005 aerial imagery
and snowfall data indicated it to be the year of most change in this region. The presented aerial
imagery that was used for digitizing the alpine snow/ice patches was made clear that it could
coincide with a low snowfall year based on the less amount of snow/ice on the landscape
(Table 1-2). Based on rising temperatures over the years however this could change in the near
future. For 2020 it also indicates the lowest amount of snow for the study years. For both
SNOTEL sites Porcupine and S Forks Shields the snowpack continually declined for each year.
The most notable decrease was from 2011 to 2020 with around a 500-centimeter change. The
determination of most suitable locations was able to be identified due to the predetermined
parameters of what could influence melt rate for these alpine snow/ice patches. The nineteen
suitable locations can indicate areas of notable melt rate and could prove to be useful in
looking for archaeological deposits. The Fuzzy Overlay analysis was able to determine forty-six
sites that indicated strength of membership based on the inputted parameter layers. The study
found that ice patches that had a moderate elevation in a range of 2800-3050 meters and were
isolated from another were shown to be most suitable. The study found that aspect within the
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Northeast topography of the region had a higher chance of melting than any other direction.
With total area change happening due to melting rate snow/Ice patch 4 showed to completely
disappear from the map. The largest remaining snow/ice patch currently sits at 259 meters². As
the years progress with climate change these areas will continue to fluctuate and change.
5.2 Human vs. Physical
The human side of the study looked at how people of the past would determine suitable
locations for living and hunting. The Crazy Mountains provided not only a water source but also
attracted a range of animals that were hunted. Based on the proposed parameters the ones
that were attributed to the human aspect of the study were distance to streams, slope, and
elevation. With reviewing the outputted map (see Appendix C) the distance to streams layer
shows that a good portion of the snow/ice patches are in range of a water source. Of the
remaining fifty-two snow/ice patches only around nineteen snow/ice patches are not located
directly near a water source. A water source is a highly regarded indicator of past settlement.
Humans are known to follow a water source since it is a key source for immediate survival.
Looking at the slope parameter (see Appendix D) settlement from past people would not been
done on the high slopes of the Crazy Mountains. Jagged slopes make it hard to access parts of
the mountain. With taking this into account those regions were not regarded as high foot traffic
areas due to the likelihood they would not settle there. For the elevation of the area (see
Appendix E) it was determined that past people would reside in areas of lower to moderate
elevation. This was determined both by other examples in the reviewed literature and in part
with the slope analysis. If they would not travel to areas of high slope, they would also not
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travel to areas of high elevation to live. However, they still could travel up due to spiritual and
tribal practices, but they would not live within those areas.
The physical side of the study looked at how the landscape is melting and how it is
changing as the years progress. Based on the proposed parameters the ones that were
attributed to the physical aspect of the study were the incoming solar radiation and elevation
parameters. Incoming solar radiation is crucial to determining the physical aspects of the land.
With higher amounts of solar radiation coming from the sun the land will see a direct affect due
to this. The higher this parameter increases the more direct melting we will see on the
landscape. Looking at the incoming solar radiation parameter (see Appendix B) the mapped
regions of the snow/ice patches are not as blue as it would be expected. The snow/ice patch
regions range from a dark blue to transitioning into the middle yellow within the value range on
the map. This presents an indicator that those yellow regions are starting to see solar radiation
and could indicate future melting. Looking at the elevation parameter (see Appendix E) those
snow/ice patches that are located within a lower elevation have a higher chance of melting. In
correlation with the other parameters map it overlaps this theory with the lower elevation
snow/ice patches being represented more in the yellow range than in blue cooler range for
incoming solar radiation.
5.3 Suitability Model Breakdown
The suitability model does have constraints while working with the analysis. The data
can only determine so much with the provided parameter layers. This toolset can help show a
prediction, but it can’t ultimately decide for sure that these outputted results are indeed
certain. A way to follow up on these outputted results would be to do an on the ground survey
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of the region to see if the predicted values correlate with what the landscape shows. When
reviewing the suitability models outputted results it shows similar results to that of the other
research done in snow/ice patch regions. For Dr.Craig Lees work he reiterates the importance
of high-elevation areas to peoples of the past (Lee, 2012). There is a spiritual component that
attracts the presence of people. The research that he did also show that glacial retreat was
happening in regions that had higher heat and areas that were moisture starved which showed
similar in the current study. For Dr. Maloof’s work in the Wind River Range, she found that the
main contributor to the glacial loss within the region is attributed to the incoming solar
radiation which showed similar in this study (Maloof, 2014). The study noted that the overall
glacial ice has decreased by 32% in the last fifty-four years. Higher temperatures and lower
snowfall within the region were also shown to be the climatic driver of the alpine snow/ice
variability. With this region showing similar climatic issues it indicates that this region is not the
only one having changes in overall snowfall and temperature.
The suitability analysis can be split to answer the second and third questions proposed
in this study. The second question looked at identifying which of these locations could prove to
be the highest potential of previous habitation by people of the past. The parameters that were
able to be correlated with this is distance to streams, slope, and elevation. It was determined
that these three parameters would have the most impact in identifying areas of likely human
habitation. The third question looked at identifying which of these snow/ice patch locations
would prove to be most at risk for degradation of archaeological deposits. The parameters that
were able to be correlated with this is incoming solar radiation, elevation, and aspect. It was
determined that these parameters would have the most impact on melting rates in this region.
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Based on the outputted suitability results for both questions it was determined that each
analysis showed a statistical analysis of proposed affected areas.
In reviewing the suitability model versus the cluster classification that was done for the
snow/ice patches the results it showed that the cluster classification grouped the snow/ice
patches based on the parameters of incoming solar radiation and elevation. While these were
the key weighted parameters in the suitability analysis the grouping in the cluster classification
produced a different outcome. Rather than three groups in the suitability analysis it was broken
down into a four-group analysis. The cluster classification differed from the suitability analysis
since the suitability analysis could yield an overlap of the classes within the same ice patch. The
cluster classification only groups the snow/ice patches once. With looking at the outputted
results the cluster classification offered a statistical analysis based on the parameter layers
however the suitability model showed to be a better analysis for the study.
While this suitability analysis proved to be useful in the study further work can be
implemented to track and mitigate snow/ice patch change not only for the Crazy Mountains but
for other alpine regions across the world. However, for a further analysis on this study area
other imagery such as Landsat can be used to track future snow/ice patch change. With the
increase in temperatures and less snowfall being shown it should show within the imagery for
the future more overall total area change for these alpine snow/ice patch regions.
5.4
5.4 Uncertainty
Shadows along the outside edges of the snow/ice patches created difficulties in
determining the glaciated boundaries. In some cases, it was nearly impossible to distinguish
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between the pixels of the imagery. This setback created area and volume limitations when
trying to identify the borders of the perennial snow/ ice patch areas. This limitation also relates
to human error. Human errors can be caused by misinterpretation of the data and imagery.
While the area was corrected three times human error can still be present within the data.
Human area is an unpredicted limit that can happen when trying to perform a research study.
This can be quantified through Human Reliability Analysis which quantifies the probabilities of
success and failure during key human interactions with data (Adams, 2011).
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CHAPTER 6
CONCLUSION
Throughout the study, the three proposed research questions were able to be
answered. The first research aim revolved around determining the current perennial snow/ice
patch size and locations within the Crazy Mountains over the given study period. This was done
with digitizing in the Esri ArcPro software and using aerial imagery of the study area. The next
aim was to determine which of these locations could prove to be the highest potential of
previous habitation by people of the past. The processed Suitability Model within Esri ArcPro
was able to produce a mapped area representing these proposed locations. The final aim was
to determine which of these snow/ice patch locations would prove to be most at risk for
degradation of archaeological deposits. This aim was answered using the total area calculation
along with the suitability model to see the alpine regions that are indeed disappearing.
Based on the study analysis that was done for the ice patches as the time periods
progress, we are seeing higher melting rates and lower snowfall. For the year 2020 the amount
of snowfall dropped by over half for S Fork Shields SNOTEL region of the Crazy Mountains. For
the year 2005 within the data, it showed to be the most notable with a decrease in snowfall for
both SNOTEL stations. Based on the outputted suitability analysis the areas most affected by
melting rates are the Northeast ice patches. The nineteen snow/ice patches using Weighted
Overlay method are similar to the outputted results from the Fuzzy Overlay method. The Fuzzy
Overlay method found that the analysis produced forty-six areas of key interest in the melting
rate for snow/ice patches. Monitoring these identified snow melt areas will help to track the
melting rate in this region. Some of the snow/ice patches have already seen a steady decrease
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in total area. The most notable of these snow/ice patches is number twenty-three which saw
68.46% difference from the years 1972 to 2020. Snow/ice patch number four has completely
disappeared sometime after 2011. Analysis showed that the best predictors for changes to
snow and ice were based on incoming solar radiation and elevation. We can see this
represented both in ArcPro analysis and the outputted Dendrogram. The most highly impacted
locations shown to be Northeast side orientated with lower elevations. This study’s outputted
results could prove to be information to cultural resource management and the archaeology of
the Crazy Mountains region. The notable sites could yield archaeological deposits which could
inform the Crow Nation of possible tribal activities and artifacts. This type of study analysis can
further be implemented in other parts of the Rocky Mountains and possibly even other alpine
areas around the world to see if further ice patch archaeology can be identified.
As Schmidt (2012) stated a singular observation however during a decade may be
insufficient in detecting an accurate change to a glacier over a period of time. The continuous
monitoring and evaluation in these alpine regions are crucial in determining the outcome for
these sites. By using remote sensing and GIS data we can get a better insight into the world
around us. Other areas all around the world are having these climate change areas. This results
in previously preserved sites coming forward. Out of these melting snow/ ice patches the found
artifacts can provide a way to capture the public’s interest and present the effects of global
warming. These archaeological remains are at risk of being destroyed more as time goes on.
Preserving the past should be at the forefront of solving these issues for the future.
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APPENDICES

A. Aspect layer used in Model Builder (ESRI)

62

B. Incoming Solar Radiation layer used in Model Builder (ESRI)
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C. Euclidean Distance layer used in Model Builder (ESRI)
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D. Slope layer used in Model Builder (ESRI)
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E. Elevation layer used in Model Builder (ESRI)
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F. Flow Chart of Model Build for Weighted Overlay

G. Flow Chart of Model Build for Fuzzy Overlay
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H: Total area change for study years
Ice
Patch
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

1972 (m²)
1998 (m²) 2005 (m²) 2011 (m²) 2020 (m²)
14.90
5.26
4.61
14.06
26.51
32.47
8.63
17.85
35.25
61.35
10.63
6.17
7.56
13.82
0
9.84
0.89
0.68
7.21
0
33.67
14.61
16.75
27.17
30.24
35.93
55.07
34.56
59.78
99.47
15.30
105.13
39.19
100.56
108.86
73.89
157.68
58.70
97.58
108.77
3.58
0
2.09
4.75
3.75
33.06
0
31.66
41.15
40.45
33.063
220.97
53.28
176.11
225.80
16.17
41.45
22.56
44.03
56.08
31.20
43.67
27.55
43.49
50.31
10.02
19.39
4.54
14.66
10.29
21.54
89.24
2.48
65.94
66.47
9.15
5.97
0
7.88
12.93
52.16
40.14
6.40
42.54
71.07
3.74
44.74
2.24
47.77
0
5.33
0
0
0
0
4.51
0
0
7.89
3.27
5.10
0
0
0
0
7.23
61.04
0.49
9.08
23.29
18.85
0
0.33
41.29
2.75
25.09
36.01
6.96
49.50
41.81
10.92
18.21
2.61
21.76
13.37
14.98
11.65
1.29
10.59
8.66
29.62
32.01
2.52
33.48
25.85
20.79
16.58
0.32
14.90
12.36
26.82
22.74
0.65
20.31
17.42
65.35
228.40
41.70
127.76
173.72
14.50
48.41
8.02
32.02
33.19
9.96
13.15
5.84
11.17
9.89
67.89
84.36
52.55
71.33
68.71
39.49
192.66
25.59
35.38
215.37
137.69
0
51.98
153.03
0
161.60
187.60
115.15
195.93
259.12
36.05
3.21
2.73
5.56
8.51
68

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
Sum

128.94
29.35
5.84
11.71
41.42
47.45
47.25
12.42
4.27
42.24
159.39
28.69
54.50
22.77
17.07
26.10
19.92
84.79
47.13
33.90
21.51
2028.66

152.94
112.20
69.97
30.22
23.85
93.97
103.94
21.69
25.29
56.01
226.53
25.31
87.31
32.92
23.43
34.76
28.10
142.15
44.71
41.07
50.51
3241.97

37.53
5.50
3.61
1.98
4.85
15.99
31.05
1.10
1.65
12.26
45.64
6.00
35.56
6.27
1.37
4.45
3.53
24.71
15.81
6.73
0
917.04

69

156.76
57.28
34.83
16.28
32.86
74.89
95.09
18.12
16.06
45.73
205.40
42.19
70.64
23.47
18.06
24.44
23.09
107.54
44.51
34.09
51.42
2877.47

238
57.66
0
16.01
41.71
80.03
92.22
16.45
14.78
45.80
213.38
35.98
57.83
19.54
18.36
26.73
15.82
100.71
41.92
32.85
50.57
3105.98

I: Ice patch table breakdown of layer values

70

J: Map of 2011 snow/i
now/ice patches

71

K: Map of 2005 snow/i
now/ice patches

72

L: Map of 19981998-99 snow/i
now/ice patches

73

M: Map of 1972 snow/i
now/ice patches

74

N. Map of Fuzzy Membership layer elevation

75

O. Map of Fuzzy Membership layer slope

76

P. Map of Fuzzy Membership layer solar radiation

77

Q. Map of Fuzzy Membership layer Euclidean distance

78

R. AHP Hierarchy Process weighting system

79

